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Abstract

The aircraft maintenance scheduling is one among the major decisions an airline has to make during its

operation. Though maintenance scheduling comes as an end stage in an airline operation, it has potential
for cost savings. Maintenance scheduling is an easily understood but difficult to solve problem. Given a

flight schedule with aircraft assigned to it, the aircraft maintenance-scheduling problem is to determine

which aircraft should fly which segment and when and where each aircraft should undergo different levels of

maintenance check required by the Federal Aviation Administration. The objective is to minimize the

maintenance cost and any costs incurred during the re-assignment of aircraft to the flight segments.

This paper provides a complete formulation for maintenance scheduling and a heuristic approach to

solve the problem. The heuristic procedure provides good solutions in reasonable computation time. This

model can be used by mid-sized airline corporations to optimize their maintenance costs.
� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Background

Consideration of maintenance constraints has long been recognized to be a cornerstone in
aircraft scheduling. The development of aircraft maintenance schedule is a complicated task in-
volving the synthesis of a range of economic, political, legal and technical factors. Demand for
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service, aircraft utilization and operational cost of aircraft are the principal drivers. The goal is to
achieve a balanced pattern of flights that results in a timetable consistent with the FAA regula-
tions and airline policies. The major airlines have witnessed significant changes in their operating
environment after the airline deregulation act of 1978. As a result of fierce competition the airlines
had to cut their prices down and this led to more passengers flying than ever before. More than
80% of passengers are now traveling on tickets priced at less than base fare. This accompanying
downward pressure on revenues has led many carriers to focus their attention on controlling
maintenance and personnel costs.

From an operating point of view, the demand for service sets the daily flight schedule and
determines which type of aircraft will be flown on a given route. This is the primary constraint
faced by the maintenance planners who must schedule inspection for each plane in the fleet in
compliance with the FAA regulations. The possibility of assigning individual aircraft to different
routes throughout the day offers the flexibility needed to meet this requirement.

In this paper we consider the problem faced by an airline needing to construct a 7-day planning
horizon cyclic schedule with maintenance constraints for a heterogeneous fleet of aircraft. The
maintenance checks on aircraft are to be scheduled based on the given flight schedule. The flight
schedule consists of a sequence of flight legs to be carried out by an aircraft. So the maintenance-
scheduling problem is solved after the aircraft are assigned to the flight legs. Solving the main-
tenance-scheduling problem to optimality may cause a re-assignment of aircraft to the flight legs.
Different aircraft assignments lead to different costs and revenues for an airline. For example a
flight leg that can be flown by two aircraft of different capacities can result in a loss of revenue if
the smaller aircraft is chosen when the demand for the leg exceeds the smaller aircraft capacity. In
contrast, a flight leg that can be flown by two aircraft of different capacity can result in higher
operation cost if the larger aircraft is chosen when the demand for the leg is lower than the
capacity of the larger aircraft. So the shuffling (re-assignment) of aircraft would result in loss of
revenue or increase in operating cost. This cost is taken into account by penalizing the assignment
of inappropriate aircraft to the flight legs.

Since most of the maintenance checks are done during night the problem of concern is where
the aircraft spends the night each day in a 7-day cyclic schedule rather than intermediate stops. So
a sequence of flight legs to which an aircraft is assigned for any given day can be considered as one
trip. In the course of re-assignment an aircraft is assigned to a trip rather than a single flight leg.
The penalty cost for a trip would be the sum of the penalties for all flight legs that constitute the
trip. Hereafter a sequence of flight legs that make a trip will be identified as an Origin Destination
(OD) pair.

1.2. Airline maintenance requirement

Aircraft maintenance takes place in a series of checks of increasing diligence with the exception
of unscheduled fixes. The frequency of these checks depends on the combination of flight hours
and number of take-off and landing cycles, and may be performed at any site appropriately
equipped. Because each aircraft type has different inventory requirement, little savings can be
achieved by combining facilities for different fleets.

To be in compliance with the Federal Aviation Administration constraints, some companies
have adopted maintenance policies that call for routine inspections at least every four days. There
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are four major types of check mandated by the FAA that each aircraft has to undergo. These vary
in scope, duration, and frequency (Clarke et al., 1997).

1.2.1. Type A check
The first major check (denoted as Type A) actually mandated by the FAA occurs at every 65

flight-hours, or about once a week. Type A checks involve inspection of all major systems such as
landing gear, engines and control surfaces.

1.2.2. Type B check

The second major check (designated as Type B) is performed every 300–600 flight-hours, and
entails a thorough visual inspection plus lubrication of all moving parts such as horizontal sta-
bilizers and ailerons.

1.2.3. Type C and Type D check

The very major checks designated as Type C and D are done about once every one to four
years, respectively, and require taking the aircraft out of service for up to a month at a time.

Because Type C and D checks are spaced at relatively large intervals and because of the dy-
namic nature of the market, these two checks need not be taken into account in maintenance
scheduling. The principal concern of the airlines is in meeting the Type A and B checks re-
quirements through their self-imposed 4-day inspection and maintenance policy. Unless there are
exceptional circumstances, inspections and repairs take place at night.

1.3. Objectives and scope

The objective of this paper is to present an innovative mathematical formulation and an ef-
fective methodology to solve the aircraft maintenance-scheduling problem. The formulation and
the solution method are to assign aircraft to the OD pairs to minimize the maintenance cost. The
scope of the problem discussed here is limited to weekly domestic flight schedules. During the
period of flight inactivity that is usually in the late evening to early morning the maintenance is
routinely performed.

Given a flight schedule, the aircraft re-assignment and maintenance-scheduling problem is to
determine which aircraft should fly which OD pair and when and where each aircraft should
undergo maintenance checks of Type A and B. The Objective is to minimize the maintenance cost
and the penalty incurred during the re-assignment of aircraft to the OD pairs.

This problem can be solved at different levels. A typical one would consider two important
levels of maintenance requirement (Type A and B), heterogeneity in the fleet, the location of
maintenance base facility for different aircraft types, and the cyclical schedule of an n-day plan-
ning horizon. The scope of the problem with which we are dealing in this research is as follows:

1. Only domestic airline operation is considered.
2. Aircraft assignment is made before maintenance scheduling.
3. Only Type A and B maintenance constraints are being considered.
4. Only the existing maintenance bases are considered and no recommendations are made for the

construction of new feasible and optimal location of maintenance bases.
5. Unexpected maintenance requirements are not being considered.
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This paper is organized as follows. A literature review is provided in Section 2. An integer
program formulation is discussed Section 3. The proposed heuristic to solve large size problems
is discussed in detail in Section 4. The performance of the heuristic is discussed in Section 5. The
results and conclusions are given in Section 6.

2. Literature review

In this section we provide a brief review of some of the existing models in airline flight and crew
scheduling, fleet assignment, and maintenance scheduling.

Until 1970 the focus of the researchers was on demand forecasting, aircraft fleet scheduling
and routing. Work that has been done during this period on these topics was limited because of
computationally intensive nature of the problem when optimal solutions were sought. The
principal method of attack was dynamic programming, which usually involves a very large state
space for any real-life transportation system. The scheduling and fleet routing problem was for-
mulated as an integer linear program by Levin (1971). This was the first stage of improvement in
the formulation from a dynamic programming model to an integer programming model. No
heuristic or approximation methods were used in this paper to solve large size problem, as the aim
of the paper was to formulate and obtain a optimal solution to the real world problem. The
methods used in this paper to solve the problem are branch and bound methods (Levin, 1971).

Desaulniers (1997) presented two models for the aircraft routing and scheduling problem. One
is a set partitioning type formulation and another one is a time constrained multi-commodity
network flow formulation. A column generation technique is used to solve linear relaxation of the
first model and a Dantzig–Wolfe decomposition approach is used to solve the linear relaxation of
the second model.

Given a flight schedule, the airline crew scheduling problem is to assign the flight crews to the
flight schedule optimally while satisfying restrictions dictated by the labor agreements and the
Federal Aviation Administration. The problem is modeled as a set-partitioning problem in most
cases. The objective of the crew scheduling problem is to find a minimum cost assignment of flight
crews to a given flight schedule. Since in most cases crews are differentiated based on which aircraft
they can fly, usually the flight schedule considered includes only the flights that have been assigned
to a single aircraft type. So the crew assignment is solved for each aircraft type separately. The
crews to be assigned are all qualified to fly this particular aircraft type and thus treated identically.

The assignment of aircraft types to the flight legs, or fleet assignment, is completed before the
crew scheduling decision. Models and algorithm for fleet assignment are given in Abara (1989),
Hane et al. (1995), and Subramanian et al. (1994). The flight attendant scheduling problem is also
similar to crew scheduling problem, but it tends to be much larger because a flight attendant may
be qualified to serve in more than one type of aircraft. Usually they are qualified to serve in almost
all aircraft types. A more recent survey on crew scheduling can be found in Etschmaier and
Mathaisel (1985).

Most recent approaches to crew scheduling centered on the set-partitioning problem given in
Vance et al. (1997). The large number of variables in the model given in Vance et al. (1997) leads
to billions of pairings even for a problem with a few hundreds of flights. Because of this explosive
nature of the problem, a local optimization approach, as discussed by Anbil (1991) and Gershkoff
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(1989), is often used. Graves et al. (1993) describe the crew scheduling optimization system used
by United Airlines. Other approaches have used constrained shortest path methods on specially
structured networks to price out attractive pairings. Examples can be seen in Lavoie et al. (1988).
Hoffman and Padberg (1993) found optimal integer solutions to the problems with a maximum of
300,000 pairings using a branch and cut algorithm. In their approach, crew base constraints were
explicitly considered.

Clarke et al. (1996) consider the constraints related to crew in their fleet assignment formu-
lation. Given a flight schedule and set of aircraft, the fleet assignment problem is to determine
which type of aircraft should fly each flight segment. Mostly, this problem is formulated as large
multi-commodity flow problem with side constraints defined on a time-expanded network. These
problems are often severely degenerate, which leads to poor performance of standard linear
programming (LP) techniques. Also the large number of integer variables can make finding op-
timal integer solutions difficult and time consuming. The methods used to attack this problem
include an interior-point algorithm, dual steepest edge, simplex, cost perturbation, model ag-
gregation, branching on set-partitioning constraints and prioritizing the order of branching.

The fleet assignment solution must satisfy balance constraints that force the aircraft to circulate
through the network of flights. The balance of aircraft is enforced by the conservation of flow
equations for a time expanded multi-commodity network. A typical mathematical formulation is
given in the paper by Hane et al. (1995), which presents the formulation and discusses various
methods to decrease the size of the problem.

While a great deal of work has been devoted to flight scheduling, crew scheduling, equipment
selection and usage, and passenger-mix optimization, very few optimization models exist for
solving maintenance-scheduling problems. A large-scale mixed integer programming formulation
is given in Feo and Bard (1989). Though this approach is a significant one, even a LP relaxation of
this formulation is likely to be too large to solve. Also, in this formulation a cyclic constraint is
not considered though this is very important in the case of weekly schedules and a homogeneous
fleet is considered for simplicity rather than a heterogeneous fleet.

Few research papers have considered the human involvement in obtaining an optimal solution.
A human interaction system was introduced to solve the maintenance-scheduling problem by Brio
(1992). ‘‘Finally if, nothing helps, the best partial solution obtained so far is produced for
the human planner to try his hand’’ (Ritcher, 1989). ‘‘Few optimization models exist for solving
maintenance related problems’’ (Feo and Bard, 1989). These approaches were innovative, but
more emphasis is placed in human judgment.

Hane et al. (1995) formulated a basic fleet assignment problem that considered maintenance
and crew constraints. In this paper only maintenance checks of short duration are considered. The
time frame of this fleet assignment problem is one day. For maintenance that occurs every x days,
the number of aircraft that are to undergo maintenance check is calculated as 100/x% of the
planes in the fleet. This approach works well for daily schedule, but not for the weekly schedule.

‘‘If fleeting and rotation were combined into one problem, maintenance scheduling could be
handled in one step, but a model that included both would be computationally intractable’’ (Hane
et al., 1995). The cyclic constraint and the heterogeneity of the fleet, would make the maintenance-
scheduling problem much more difficult to solve. This led many of the researchers to avoid
considering at least these two factors together. The basis of all maintenance-scheduling problems
given by Feo and Bard (1989), does not consider the heterogeneity of the fleet and the cyclic
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constraint is not considered for any particular given period. This means that the solution of the
problem would decide the period of cycle, which in reality determined by the demand in the
market. Other work related to maintenance scheduling is reported in Clarke et al. (1997), Kabbani
and Patty (1992), Talluri (1996), and Barnhart et al. (1998).

In order to minimize the maintenance cost, the aircraft have to be assigned to the appropriate
maintenance bases. This might involve change in flight schedule. The change in flight schedule
might result in loss of revenue or increase in operation cost. Therefore there is a tradeoff between
assignment of aircraft to the appropriate maintenance bases and maintaining the flight schedule.
In the past several people have worked on this problem, but most of them have focused on solving
the problem without considering cyclic constraints, heterogeneity in fleet and Type B maintenance
constraints. The very first attempt has been made in this paper to consider the two important
maintenance requirements with cyclic constraints and heterogeneous fleet. Since most of the flight
schedules are weekly schedules, cyclic constraints are one of the most important constraints to be
considered.

From the above list we can see that there is not much change in the formulation of mainte-
nance-scheduling problem. Most of the researchers formulated the problem as a multi-commodity
network flow model. But there is a vast difference in computational approach. Each paper differs
from the others just in the approach to solving the problem. It is very evident from the above list
that the challenge the researchers are facing in aircraft scheduling, routing and maintenance
scheduling is not in formulating the problems but rather in solving the formulated models.

It is also observed that an important Type B maintenance check was not considered in any of
the formulations found in the literature. This paper attempts to fill the gap of considering the
maintenance Type B check, and suggest a good heuristic approach to solve medium size problem.

3. Problem formulation

The maintenance-scheduling problem is most naturally modeled as a closed loop network.
Using OD schedule as input, the maintenance-scheduling problem is formulated as a min-cost
multi-commodity network flow model with integer restrictions on the variables, as such each
plane represents a separate commodity. Usually fleet of different aircraft is considered rather than
individual aircraft in scheduling, but since maintenance requirement is considered in this sched-
uling problem, each aircraft should be considered as separate commodity. Each OD pair segment
has an upper and lower capacity of one unit of flow. Now define nd as the planning horizon and
nc as the number of cities in the OD schedule. The total number of nodes in the underlying graph
is ndnc. But not necessarily each node should have input and output arcs. If np is the total number
of planes in the fleet, then the total number of arcs is ndnp. This is because each aircraft is assigned
to exactly one OD segment, and each OD segment is covered by exactly one aircraft. This pro-
duces a large graph.

Origin is the airport where an aircraft leaves in the early morning after spending previous night.
Destination is the airport where the aircraft spends the night for that day. Each arc in the network
represents a unique OD trip assigned to an aircraft in the flight schedule. In case of two aircrafts
having the same Origin and Destination for any given day, then each trip of those aircraft for that
day is identified by the subscript r. For example an aircraft is assigned to a trip, which start, from
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Washington to Austin to Las Vegas to Los Angeles and another aircraft is assigned to a trip from
Washington to Chicago to Arizona to Los Angeles in the original flight schedule. In this case for
both trips Washington is the Origin and Los Angeles is the Destination. Since the proposed
formulation only needs to consider the Origin and Destination (intermediate stops are not con-
sidered), to make these two trips unique subscript r is introduced. In this formulation we do not
need to consider the intermediate stops because they have no effect on the maintenance schedule.
The flight schedule including the sequence of flight legs that are to be flown by an aircraft during a
day is an input to the problem and we refer to it as an OD trips. The proposed formulation is only
concerned with assignment of aircrafts to these OD trips.

A three cities, three planes, 7-day network is shown in Fig. 1. Although three disjoint paths are
indicated they are by no means unique. A close look at the network given in Fig. 1 reveals that
there are four nodes (1(2), 2(5), 1(6) & 3(7)) that are different from the rest of the nodes. These
four nodes have more than one incoming and outgoing arcs. Therefore, only at these nodes a
decision must be made regarding which incoming aircraft should be assigned to which outgoing
arc. Over the planning horizon, aircraft can be assigned a variety of routes depending on their
maintenance needs and the availability of facilities. Next consider the cyclic network depicted in
Fig. 2 obtained from Fig. 1 by contracting nodes 2(8) and 3(8). In effect, the planning horizon is
balanced. That is, the in-degree and out-degree for each node that represents a city on a particular
day is the same (the number of a particular type of aircraft that are going into a node is the same
as those going out of that node). This implies that the graph is Eulerian so removing any cycle
leaves the Eulerian property.

Among the factors considered in maintenance scheduling are passenger demand, revenue,
seating capacity, fuel costs, crew size and maintenance costs. Many of these factors are captured
in the objective coefficients of the decision variables and others are captured by the constraints.
For example, the potential revenue generated by flights can be determined by forecasting the
demand for seats on those flights and multiplying the minimum of the forecasted demand and the
seat capacity by the average fare. This model satisfies balance constraints that force the aircraft to
circulate through the network of flights.

The assumptions that are made in the proposed formulation are as follows:

1. Aircraft maintenance checks are performed only during the night.
2. There is no aircraft operation during the night.
3. The maintenance bases are located at the airport.

Fig. 1. City–Day network with 7-day planning horizon.
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The following notation is used in the model:

np : number of planes in the fleet.
nc : number of cities in the network.
nd : number of days in the planning horizon.
i : index for planes i ¼ 1; 2; . . . ; np.
j, k : index for cities; j; k ¼ 1; . . . ; nc.
d : index for days; d ¼ 1; 2; 3; . . . ; nd. nd þ 1 ¼ 1, nd þ 2 ¼ 2, nd þ 3 ¼ 3, because of the

cyclic schedule. Like the same one day before day d ¼ 1 is nd, and 2 days before the day
d ¼ 1 is nd � 1.

jðdÞ : city j on day d (a node in a network).
jðd � 1ÞkðdÞr : link Connecting the city j on day ðd � 1Þ to city k on day d through route r.
GðkðdÞÞ : the set of nodes that are connected to the node kðdÞ.
F ðkðdÞÞ : the set of nodes that the node kðdÞ is connected to.
L : set of all edges in the graph defined by OD schedule.
N : set of all nodes in the graph defined by OD schedule.
gij : the Type A maintenance cost for aircraft i at city j.
hij : a fraction of the Type B maintenance cost for aircraft i at city j. The reason for taking a

fraction of the cost rather than the cost is explained later in this section where constraints
are explained.

pj : the number of aircraft that can take Type A maintenance check at city j.

The following decision variables are used in the formulation:

wijðdÞ ¼ 1, if aircraft i takes the maintenance check of Type A at city j on day d, 0 other-
wise.

ZijðdÞ ¼ 1, if aircraft i takes the maintenance check of Type B at city j on day d, 0 otherwise.
Cijðd�1ÞkðdÞr ¼ the cost for assigning the aircraft i to the link jðd � 1Þ; kðdÞr.
xijðd�1ÞkðdÞr ¼ 1, if aircraft i is assigned to the link jðd � 1ÞkðdÞr, 0 otherwise.
yid ¼ the number of days left until the due date of aircraft i’s Type A maintenance check.

Fig. 2. City–Day network with infinite planning horizon.
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The mathematical formulation is as follows:

min
Xnp

i¼1

Xnc

j¼1

Xnd

d¼1

ðgijwijðdÞ þ hijZijðdÞÞ þ
Xnp

i¼1

X

jðd�1ÞkðdÞr2L
Cijðd�1ÞkðdÞrxijðd�1ÞkðdÞr ð3:1Þ

Subject to :P
jðd�1Þr xijðd�1ÞkðdÞr �

P
jðdþ1Þr

xikðdÞjðdþ1Þr ¼ 0

jðd � 1Þr 2 GðkðdÞÞ; jðd þ 1Þr 2 F ðkðdÞÞ; 8i & kðdÞ; where d ¼ 1; 2; . . . ; nd

ð3:2Þ

Xnp

i¼1

xijðdÞkðdþ1Þr ¼ 1ðjðdÞkðd þ 1ÞÞ 2 L; where d ¼ 1; 2; . . . ; nd ð3:3Þ

Xnp

i¼1

wijðdÞ 6 pj 8jðdÞ; where d ¼ 1; 2; . . . ; nd ð3:4Þ

WijðdÞ �
X

kðd�1Þr
xijðd�1ÞjðdÞr 6 0; kðd � 1Þr 2 GðjðdÞÞ; 8jðdÞ; where d ¼ 1; 2; . . . ; nd ð3:5Þ

Xnc

j¼1

Xmþ3

d¼m

wijðdÞ P 2 8i; m ¼ 1; 2; . . . ; nd ð3:6Þ

X

j

ðdÞZijðdÞ ¼ 1 jðdÞ 2 N ; 8i; ð3:7Þ

ZijðdÞ �
X

kðd�1Þr
xikðd�1ÞjðdÞr 6 0; kðd � 1Þr 2 GðjðdÞÞ;8jðdÞ; where d ¼ 1; 2; . . . ; nd ð3:8Þ

X

jð2Þr
xijð2Þkð3Þr ¼ 1 8i & kð3Þ; jð2Þr 2 GðKð3ÞÞ ð3:9Þ

xijðdÞkðdþ1Þ;wijðdÞ; ZijðdÞ ¼ 0; 1 binary variables

The Objective function (3.1) consists of three components. The first one is the total cost of Type
A maintenance check. The second one is the total cost of Type B maintenance check and the third
one is the penalty for assigning inappropriate aircraft to the OD trips.

Constraints (3.2) ensure that the aircraft that come into the city k on day d should leave city k
on the next day. Constraints (3.3) ensure that any OD trip could be served by one and only one
aircraft. Constraints (3.4) are node capacity constraints for Type A maintenance checks that
ensure that each maintenance base can serve only a certain number of aircraft at a time. Typically
the capacity is based on the number of available mechanics and the inventory of various parts of
the aircraft available. Constraints (3.5) are availability constraints of aircraft i at city j on day
d for Type A maintenance check. These constraints ensure that aircraft i is assigned for main-
tenance check of Type A at city j on day d only if it is available at city j on day d. Constraints (3.6)
force the aircraft to undergo Type A maintenance check once in 4 days.

Constraints (3.7) ensure that the aircraft undergo their Type B maintenance check once in the
given cycle. Type B maintenance check is usually done once in two months, so if the given cycle is

C. Sriram, A. Haghani / Transportation Research Part A 37 (2003) 29–48 37



say seven days (weekly schedule), it does not necessarily mean that the aircraft has to take the
Type B maintenance check once a week. Since the schedule is repeated every week, the Type B
maintenance can be done once in every eight sweeks at the optimal city and day. That is why a
fraction of the Type B maintenance check cost is used as a cost coefficient rather than the actual
cost. So in case of the scenario explained before, one eighth of the actual cost would be used as the
cost coefficient for Type B maintenance check.

Constraints (3.8) are availability constraints of aircraft i at city j on day d for Type B main-
tenance check. These constraints ensure that aircraft i is assigned for maintenance check of Type
B at city j on day d only if it is available at city j on day d.

Constraints (3.9) are to make sure that the same aircraft is not used for two cyclic schedules. In
other words, the same aircraft should not be assigned to more than one link between any two
given consecutive days. Since we have the conservation of flow constraint, any one of the two
consecutive days can be chosen to restrict the assignment of one aircraft to only one link. In the
formulation given above days 2 and 3 are chosen as two consecutive days.

The important difference between the new formulation and the existing one by Feo and Bard
(1989) are:

1. Inclusion of a penalty for assigning inappropriate aircraft to a link. This penalty was not con-
sidered in the existing formulation, which would lead to assigning small aircraft to the links that
require large ones. This would result in loss of revenue. Conversely if the large aircraft were
assigned to the links where small ones are enough, it would result in higher operating cost.

2. Consideration of maintenance Type B check.
3. Simple and efficiently constructed constraints, which force the aircraft to undergo Type A

maintenance check once in four days.

Fortunately, a number of simplifications to this problem are possible due to the economics of
maintenance base operations. The fact that spare parts are often not interchangeable implies that
a significant fraction of the costs defining the coefficients in (3.1) can be separated out by plane
type. The only remaining issue is labor, and while important in other contexts, it is not a critical
factor here.

The second simplification relates to capacity. Because an ample supply of space and labor are
usually available, the capacity constraint (3.4) is rarely binding, and can be eliminated. But even
with both of these reductions, there is little possibility of solving the LP relaxation of the resultant
min-cost, multi-commodity integral flow problem. So it is almost impossible to find a global op-
timal solution by solving the LP problem. A heuristic method is suggested in this paper and tested
for ample number of cases to prove that the solutions obtained by the heuristic are as close as 5% to
the global optimal solutions. Although these simplifications are possible, it should be noted that in
all test problems presented in this paper we did not implement these simplifications. In other words,
the problems that are solved optimally include all variables and constraints presented in the
original formulation. Also, the heuristic solutions obtained for these problems using the proposed
method are all feasible for the integer programming problem formulated in (3.1)–(3.9).

The maintenance-scheduling problem can also be formulated based on aircraft flight hours
rather than based on number of days between two consecutive maintenance checks of a particular
type. This kind of formulation would be more appropriate if maintenance scheduling is done
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strictly by flight hours. In this type of formulation, however, the full planning horizon has to be
taken into account as opposed to the cyclic schedule. This would tend to increase the problem size
significantly. A formulation considering flight hours as maintenance criteria is given below,
though no attempt was made to solve the problem exactly or to suggest any heuristic procedure
for its solution.

In presenting this formulation, we use the same notation that was used in the previous for-
mulation with some added new definitions. The new variables are explained below:

YiðdÞ ¼ Total flight hours from recent Type A maintenance check till day d.
ViðdÞ ¼ Total flight hours from recent Type B maintenance check till day d.
FA ¼ Maximum flight hours allowed by Federal Aviation Administration between two

consecutive Type A maintenance checks.
FB ¼ Maximum flight hours allowed by Federal Aviation Administration between two

consecutive Type B maintenance checks.
HA ¼ An arbitrary number greater than FA þ 24.
HB ¼ An arbitrary number greater than FB þ 24.
ndp ¼ Number of days in the planning horizon.
tjðdÞkðdþ1Þr ¼ Flight hours to cover the OD pair jðdÞkðd þ 1Þr.

The mathematical formulation for maintenance scheduling based on flight hours is as follows:

min
Xnp

i¼1

Xnc

j¼1

Xnd

d¼1

ðgijwijðdÞ þ hijZijðdÞÞ þ
Xnp

i¼1

X

jðd�1ÞkðdÞr2L
Cijðd�1ÞkðdÞrxijðd�1ÞkðdÞr ð3:10Þ

Subject to :P
jðd�1Þr

xijðd�1ÞkðdÞr �
P

jðdþ1Þr
xikðdÞjðdþ1Þr ¼ 0 jðd � 1Þr 2

GðkðdÞÞ; jðd þ 1Þr 2 F ðkðdÞÞ;8i & kðdÞ; where d ¼ 2; 3; 4; . . . ; ndp � 1

ð3:11Þ

Xnp

i¼1

xijðdÞkðdþ1Þr ¼ 1 8ðjðdÞkðd þ 1ÞÞ 2 L; where d ¼ 1; 2; . . . ; ndp � 1 ð3:12Þ

Xnp

i¼1

wijðdÞ 6 pj jðdÞ; 8d; ð3:13Þ

wijðdÞ �
X

kðd�1Þr
xikðd�1ÞjðdÞr 6 0; kðd � 1Þr 2 GðjðdÞÞ; 8jðdÞ; where d ¼ 2; 3; . . . ; ndp ð3:14Þ

Yiðdþ1Þ P YiðdÞ þ
X

jðdÞkðdþ1Þr
xijðdÞkðdþ1Þr
�

� tjðdÞkðdþ1Þr
�
� HA

X

jðdþ1Þ
wijðdÞ jðdÞ; 8i;

where d ¼ 1; 2; . . . ; ndp � 1 ð3:15Þ

Viðdþ1Þ P ViðdÞ þ
X

jðdÞkðdþ1Þr
xijðdÞkðdþ1Þr
�

� tjðdÞkðdþ1Þr
�
� HB

X

jðdþ1Þ
ZijðdÞ jðdÞ;8i;

where d ¼ 1; 2; . . . ; ndp � 1 ð3:16Þ
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ZijðdÞ �
X

kðd�1Þr
xikðd�1ÞjðdÞr 6 0; kðd � 1Þr 2 GðjðdÞÞ;8d & jðdÞ

where d ¼ 2; 3; . . . ; ndp ð3:17Þ
X

jð2Þr
xijð2Þkð3Þr ¼ 1 jð2Þr 2 Gðkð3ÞÞ;8i & kð3Þ ð3:18Þ

xijðdÞkðdþ1Þ;wijðdÞ; ZijðdÞ ¼ 0; 1 binary variables; YiðdÞ < FA 8d & i;

where d ¼ 2; 3; . . . ; ndp ð3:19Þ
ViðdÞ < FB 8d & i; where d ¼ 2; 3; . . . ; ndp ð3:20Þ
Yið1Þ ¼ Við1Þ ¼ 0 8i ð3:21Þ

The objective function (3.10) is the same as the objective function in the previous formulation
that was expressed in Eq. (3.1). Also constraints (3.11) through (3.14) are the same as constraints
(3.2) through (3.5) except that the former is repeated for ‘‘d ¼ 2; 3; 4; . . . ; ndp � 1’’ and the later
for ‘‘d ¼ 1; 2; . . . ; nd’’. Similarly, constraints (3.17) and (3.18) are the same as those expressed in
(3.8) and (3.9) except that the former is repeated for ‘‘d ¼ 2; 3; 4; . . . ; ndp � 1’’ and the later for
‘‘d ¼ 1; 2; . . . ; nd’’.

Constraints (3.15) along with constraints (3.19) ensure that the aircraft have maintenance check
Type A at least once after flying FA consecutive hours. Constraints (3.16) along with constraints
(3.20) ensure that the aircraft will not fly in excess of FB hours before completing a maintenance
Type B check. Constraints (3.21) are initializing the Y and V variables.

As mentioned before this formulation results in a very large integer programming problem that
cannot be solved exactly in reasonable computation time. Development of heuristic procedures
for solving this problem is left for future research. In the next section we focus on presenting an
efficient solution procedure for the original formulation of the problem presented in (3.1)–(3.9)
that is based on the limitations on the number of days between two consecutive maintenance
checks. This formulation is more appropriate because airlines normally impose upon themselves
restrictions on the number of days between consecutive maintenance checks that are generally
more stringent than those mandated by the FAA.

4. Solution approach

This search technique is a combination of depth first search and random search. First a list of
nodes in a given day is made. The first aircraft and the first node are chosen from the respective
list. Then an exhaustive depth first search is performed from the node to find the best cyclic
schedule for the chosen aircraft. Then the assigned links are removed from the network. Now the
second aircraft is chosen from the list, if the number of outgoing arcs in the first node is not equal
to zero, again a depth first search is performed to find the best cyclic schedule for the second
aircraft. If the number of outgoing arcs is equal to zero, then the second node from the node list is
chosen and an exhaustive search is performed from this node to find the best cyclic schedule for the
aircraft. This procedure is repeated until there is no more aircraft or nodes in corresponding list.
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After processing all the aircraft in the above-mentioned procedure, a feasible schedule and the
objective function value is found. This objective value is compared with the objective value ob-
tained from the previous iteration and the better solution is saved. For the next iteration the node
list and aircraft list are perturbed (shuffled). The procedure is performed for the new list of nodes
and aircraft. The steps of the algorithm are as follows:

Step 0: Make a list of aircraft in any order. Make another list of nodes (cities) for any given
day. Initialize number of iterations ¼ 1.

Step 1: Let n ¼ 1.
Step 2: Pick the nth aircraft from the list of aircraft.
Step 3: Let K ¼ 1.
Step 4: Pick the Kth node from the list of nodes.
Step 5: If there are no more nodes available for the allocation in the Kth node, let K ¼ K þ 1

and go to step 4, otherwise go to step 6.
Step 6: Do depth first search to find the best possible cyclic schedule for the nth aircraft. If a

feasible cyclic schedule exists go to step 7, otherwise let K ¼ K þ 1, go to step 5.
Step 7: Add the route to the schedule. Delete the arcs from the network that are assigned to the

nth aircraft.
Step 8: If n ¼ number of aircraft, (a) reconstruct the network (in step 7 arcs are removed from

the network, for new iteration, these arcs need to be placed back in the network), (b)
perturb the aircraft list randomly (construct a list by choosing each aircraft in random
from the list of aircraft), (c) perturb the node list randomly (construct a list by choosing
each node in random from the list of nodes that belongs to any given day). If a feasible
solution was found in the previous iterations, compare the current solution with the
existing one and if the current one has a lower objective function value save the current
solution and delete the previous solution. Otherwise let n ¼ nþ 1 and go to step 2.

Step 9: If the number of iterations is less than the maximum number of iterations, increment
the number of iterations and go to step 2, otherwise stop.

Fig. 3 shows the flow chart of this heuristic procedure. In all test problems, the maximum
number of iterations is set at 5000.

5. Performance analysis

This section presents the computation results obtained with the heuristic approach and those
obtained from directly solving the IP formulation. CPLEX optimization software is used to
obtain the exact solutions for the IP formulations of the test problems. The combinatorial nature
of the maintenance-scheduling problem increases the computation time astronomically even for a
moderate size problem. It is quite difficult to solve the IP formulation in a reasonable execution
time using any commercial IP solver software, such as LINDO and CPLEX. Therefore, we were
not able to have exact solutions for all test problems. This computation study is intended to verify
the effectiveness of the proposed heuristic algorithm. The proposed heuristic algorithm is coded
in the C++ language.
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Fig. 3. Heuristic solution flow chart.
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Nine sets of problem were solved in this study. Each set of problems is identified by the number
of cities considered in the problems in that set. A program written in the C language randomly
generated all of them. This program takes the number of cities and the number of aircraft as input
and generates a random network with cyclic constraint being satisfied. This program assigns
randomly the link costs and the maintenance Type A check costs and Type B check costs for the
aircraft at different cities. In each set of problems the number of cities have been kept constant.
Since the commercial IP solver (CPLEX) could not solve even medium size problem, the first
category of problems generated were small size problems to compare the results with the CPLEX
solution. In these problems the ratio of the cities to aircraft in most cases was kept high for the
same reason. There are five problem sets in this category with 7, 8, 9, 10, and 11 cities respectively.
18 test problems were created in these problem sets (1 through 18 respectively).

Next, a set of problems with 20 cities was generated. These are larger problems with smaller
number of aircraft. There are eight problems in this set (19 through 26 respectively). We managed
to solve these problems using the heuristic procedure as well as CPLEX. These problems stretched
CPLEX almost to its limits in terms of the computation time. Solving one of the problems
(number 26 with 20 cities and 13 aircraft) using CPLEX took 16,000 s or almost 4.5 h! Finally
three other problem sets were generated with much larger number of cities and aircraft. These
were problem sets with 60, 65, and 75 cities (problems 27 through 44 respectively). These problems
were all solved using the heuristic procedure. Because of the size of these problems, it is im-
practical to solve them optimally and therefore we did not use CPLEX to solve them.

As an example, we discuss problem number 8 in more detail. Fig. 4 shows the network gen-
erated by the program for problem number 8. This is the network that represents seven cities and
a 7-day planning horizon. In problem number 8, eight aircraft are to be assigned to this network.
The cost matrix is also shown in Table 1. This network was modeled as an IP problem and solved
using CPLEX. The heuristic approach was also used to solve the same problem. The program
written to implement the heuristic stores the assignments of aircraft in a text form. Table 2 shows
the results obtained from heuristic. In Table 2 each row represents an aircraft. Columns Day 1
through Day 7 represent the city in which the aircraft stays for the night.

Fig. 4. Randomly generated network.
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Table 3 shows the aircraft maintenance assignment. Each row represents the maintenance
schedule for an aircraft in the fleet. ‘‘Type Check A Day 1’’ and ‘‘Type Check A Day 2’’ columns
represent the days on which the aircraft undergoes Type A maintenance check and ‘‘Type B
Check’’ column represent the day on which the aircraft undergoes Type B maintenance check.

Table 4 shows the comparison of the results obtained from the heuristic procedure and those of
CPLEX for the problems 1 through 18. As this table indicates, the heuristic solution procedure

Table 1

The cost for maintenance check A for each aircraft in the fleet

Aircraft Maintenance Type A cost in

City 1 City 2 City 3 City 4 City 5 City 6 City 7

1 2 5 10 10 4 3 1

2 4 6 1 1 4 5 9

3 3 7 3 8 7 9 10

4 7 10 3 7 10 4 8

5 10 7 2 2 5 2 9

6 4 1 6 10 9 6 9

7 7 1 4 4 1 4 4

8 1 6 7 5 4 5 10

Table 2

The aircraft assignment made by the heuristic

Aircraft Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 1

1 1 2 3 4 7 5 3 1

2 2 5 6 5 5 1 3 2

3 1 5 1 5 6 3 4 1

4 2 7 3 3 2 2 7 2

5 1 6 4 2 7 3 7 1

6 2 2 7 1 5 6 1 2

7 3 2 5 5 4 4 7 3

8 3 5 2 7 6 4 6 3

Table 3

The maintenance schedule generated by heuristic

Aircraft Type Check A Type Check B

Day 1 Day 2

1 1 5 5

2 4 7 3

3 3 6 1

4 3 7 1

5 2 6 1

6 1 4 6

7 1 4 1

8 2 6 6
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produces solutions that are very good. In three cases the heuristic procedure produces the optimal
solution. In all other cases the heuristic procedure produces solutions that are at worse 4.6% from
the optimal solution in terms of the objective function value. Table 5 compares the performance of
the heuristic with that of CPLEX for the test problem with 20 cities. The results in these problem
sets are even better. In 4 out of 8 cases the heuristic solution is the optimal solution. In the other 4
cases where the procedure does not obtain the optimal solution, the objective functions only differ
by at most 2.7%. However, when comparing the time required for obtaining the solution the
results are extremely encouraging. As Table 5 shows the heuristic procedure produces solutions in
a matter of seconds while for larger problems CPLEX require up to 4.5 h to solve the problem.

Table 4

Performance of heuristic in several small size problems

Problem no. No. of cities No. of flights Objective value CPU time % Difference

Heuristic Global Heuristics CPLEX

8 7 8 213 208 21 30 2.4

9 7 9 229 224 32 35 2.2

10 7 10 251 240 47 160 4.6

11 7 11 271 259 59 650 4.6

4 8 8 222 215 20 8 3.3

27 8 9 221 219 33 30 0.9

5 8 10 277 265 45 758 4.5

28 9 8 200 200 21 3 0.0

13 9 9 234 228 31 15 2.6

15 9 11 247 238 63 500 3.8

16 9 12 270 259 78 1750 4.2

29 10 8 199 199 26 3 0.0

30 10 9 211 204 35 26 3.4

17 10 11 243 236 62 145 3.0

20 10 14 335 332 100 3250 0.9

31 11 8 197 197 16 4 0.0

32 11 9 210 208 33 17 1.0

33 11 10 236 233 49 319 1.3

Table 5

Comparison of performance of the heuristic and CPLEX solutions

Problem No. No. of cities No. of aircraft Objective value CPU time (s) % Difference

Heuristic Global Heuristic CPLEX

19 20 6 154 154 1 20 0.0

20 20 7 182 182 3 22 0.0

21 20 8 192 192 17 35 0.0

22 20 9 215 214 25 80 0.5

23 20 10 241 241 38 290 0.0

24 20 11 277 270 49 2700 2.6

25 20 12 304 301 60 4600 1.0

26 20 13 342 333 72 16000 2.7

C. Sriram, A. Haghani / Transportation Research Part A 37 (2003) 29–48 45



Fig. 5 shows the comparison of the solution times versus the size of the problem for the two
approaches in a graph.

Table 6 shows the results obtained for larger size problems using the heuristic. It indicates the
objective function value and the time required for obtaining the solution. While we do not have a
comparison with the optimal solutions because we could not solve these problems exactly, we are
confident that the heuristic approach has produced good solutions for these problems given the
results discussed above and based on numerous other tests that we have performed.

Fig. 5. Comparison of performance of heuristic II and CPLEX solutions.

Table 6

Performance of heuristic in larger size problems

Problem No. No. of cities No. of flights Objective value CPU time (min:s)

Heuristic Heuristic

27 60 35 812 2:10

28 60 36 935 2:08

29 60 37 857 2:03

30 60 38 938 1:32

31 60 39 914 2:15

32 60 40 966 2:12

33 65 41 1036 2:20

34 65 42 1015 2:45

35 65 43 1022 2:56

36 65 44 1048 3:01

37 65 45 1100 3:53

38 75 46 1084 4:30

39 75 47 1033 4:21

40 75 48 1102 3:56

41 75 49 1098 4:00

42 75 50 1150 4:06

43 75 55 1101 4:14

44 75 58 1166 5:00
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6. Conclusions

This paper presented an innovative formulation for the aircraft re-assignment and maintenance
scheduling and a heuristic method to solve the problem efficiently and quickly. Since the solution
time for solving larger integer-programming model gets into astronomical units, a heuristic was
proposed in this paper to solve larger problems. This heuristic is a hybrid of random search and
depth first search. The closeness of the solution produced by this heuristic to the global optimal
solution largely depends on how many different combinations of orders of aircraft and orders of
nodes were explored.

The consideration of constraints for typical maintenance checks in an aircraft maintenance
scheduling has been shown to be a critical one for any airline operation. The key to solve a large
scale integer programming problem is development of efficient heuristic procedures. A ample
number of problems were tested for comparing the performance of the heuristic against the
commercial software CPLEX. The results show that the heuristic consistently produces good
solutions, with objective values within 5% of the global optimal solutions. The heuristic presented
also solves the problem in a very reasonable amount of time. We also considered whether the most
popular random search method, namely, genetic algorithms could be used to solve the large size
problem. But, too many constraints involved in this problem would make the search inefficient
and computationally intensive for a genetic algorithm.

The way Type B maintenance check is taken into account in the formulation given in this paper
may not be an efficient one. Another way of considering Type B check would involve scheduling
for longer planning horizon. This would certainly result in a tremendous increase in the number of
variables and constraints that is certainly not favorable in an integer program formulation.

There are a number of improvements that can be made to the above-mentioned formulation
and the heuristic approach presented in this paper. One such improvement could be in considering
the flight legs rather than the OD pairs. This would increase the size of the problem enormously
but an efficiently designed heuristic could handle the problem. It is not clear whether this type
of formulation would result in a significant improvement over the one presented in this paper.
Another area for research could be considering the linking of two consecutive OD segments. This
would increase the number of constraints in the problem, but still may not have a significant
impact on the computation. The scope of the model can be increased with respect to the length of
the decision horizon (may be bi-weekly or monthly schedule). Developing a procedure to generate
a lower bound on the value of the objective function is yet another fruitful area for future re-
search. Such lower bounds are the best measures of the quality of the solutions obtained using the
heuristic procedures especially in large size problems where exact solutions cannot be obtained.

References

Abara, J., 1989. Applying integer linear programming to the fleet assignment problem. Interfaces 19, 20–28.

Anbil, R., 1991. Recent advances in crew-pairing optimization at American Airlines. Interfaces 21, 67–74.

Barnhart, C., Boland, N.L., Clarke, L.W., Johnson, E.L., Nemhauser, G.L., Shenoi, R.G., 1998. Flight string models

for aircraft fleeting and routing. Transportation Science 32, 208–220.

Brio, M., 1992. Aircraft and maintenance scheduling support, mathematical insights and a proposed interactive system.

Journal of Advanced Transportation 26, 121–130.

C. Sriram, A. Haghani / Transportation Research Part A 37 (2003) 29–48 47



Clarke, L.W., Hane, C.A., Johnson, E.L., Nemhauser, G.L., 1996. Maintenance and crew considerations in fleet

assignment. Transportation Science 30, 249–261.

Clarke, L.W., Johnson, E.L., Nemhauser, G.L., Zhu, Z., 1997. The aircraft rotation problem. Annals of Operations

Research 69, 33–46.

Desaulniers, G., 1997. Daily aircraft routing and scheduling. Management Science 43, 841–855.

Etschmaier, M., Mathaisel, D.F.X., 1985. Airline scheduling: an overview. Transportation Science 19, 127–138.

Feo, A., Bard, F., 1989. Flight scheduling and maintenance base planning. Operations Research Group 35, 1415–1432.

Gershkoff, I., 1989. Optimizing flight crew schedules. Interfaces 19, 29–43.

Graves, G.W., McBride, R.D., Gershkoff, I., Anderson, D., Mahidhara, D., 1993. Flight crew scheduling. Management

Science 39, 736–745.

Hane, C.A., Barnhart, C., Sigismindi, G., 1995. The fleet assignment problem: solving a large scale integer program.

The Mathematical Programming Society 70, 211–231.

Hoffman, K.L., Padberg, M., 1993. Solving airline crew scheduling problems by branch-and-cut. Management Science

39, 657–682.

Kabbani, N.M., Patty, B.W., 1992. Aircraft routing at American Airlines. In: Proceedings of the Thirty-Second Annual

Symposium of the Airline Group of the International Federation of Operational Research Societies. Budapest,

Hungary.

Lavoie, S., Minoux, M., Odier, �EE., 1988. A new approach for crew pairing problems by column generation with an

application to air transportation. European Journal of Operational Research 35, 45–58.

Levin, A., 1971. Scheduling and fleet routing models for transportation system. Transportation Science 5, 232–255.

Ritcher, H., 1989. Thirty years of airline operations research. Interfaces 19, 3–9.

Subramanian, R., Scheff, Jr. R.P., Quillinan, J.D., 1994. Coldstart: fleet assignment at Delta Airlines. Interfaces 24,

104–120.

Talluri, K., 1996. Swapping application in a daily airline fleet assignment. Transportation Science 30, 237–248.

Vance, P.H., Barnhart, C., Johnson, E.L., Nemhauser, G.L., 1997. Airline crew scheduling: a new formulation and

decomposition algorithm. Operations Research 45, 188–200.

48 C. Sriram, A. Haghani / Transportation Research Part A 37 (2003) 29–48


	An optimization model for aircraft maintenance scheduling and re-assignment
	Introduction
	Background
	Airline maintenance requirement
	Type A check
	Type B check
	Type C and Type D check

	Objectives and scope

	Literature review
	Problem formulation
	Solution approach
	Performance analysis
	Conclusions
	References


